The high-precision data available from the Kepler satellite allows us to venture in the study of the complex outer convective envelopes of solar-type stars. We use a seismic diagnostic, specialized for investigating the outer layers of solar-type stars, to infer the impact of the ionization processes on the oscillation spectrum, for a sample of Kepler stars. These stars, of spectral type F, cover all of the observational seismic domain of the acoustic oscillation spectrum in solar-type stars. They also cover the range between a cool F-dwarf (∼ 6000 K) and a hotter F-star (∼ 6400 K).
INTRODUCTION
Asteroseismology gives us the possibility to probe the stellar interior. This is done through the interpretation of the oscillations of stars (e.g., Chaplin & Miglio 2013) , which are utterly determined by the properties of the stellar structure. The space missions CoRoT (Baglin et al. 2007; Michel et al. 2008) and Kepler (Borucki et al. 2010; Gilliland et al. 2010 ) have dramatically improved the observational datasets, which provide the base to test and improve, the theories of stellar structure and evolution. Solar-type stars, such as main-sequence F-stars, are among the targets of these space missions. They exhibit several different patterns of magnetic activity (e.g., Mathur et al. 2014; Kiefer et al. 2017 ). The surface magnetism, which can also be traced by photometric methods, is correlated to the rotation rates in these stars (e.g., García et al. 2014; Brun et al. 2015; Chaplin & Basu 2015) . The exact origin of this correlation, as well as the origins of the stellar dynamos presumably acting in these stars, is still unclear (e.g., Metcalfe et al. 2016; Wright & Drake 2016; Augustson 2017) .
The outer layers of F-stars are of major interest when investigating all the phenomena related with magnetic activity. After all, these upper layers are the stage of a complex and interconnected web of physical processes taking place at the same timescales, such as convection, differential rotation, and the generation of magnetic fields. For this same reason, the outer convective envelopes of solar-type stars are regions of great uncertainty. One of the major physical processes occurring in the outer layers of solar-type stars is partial ionization. A detailed study of observable data can help us to understand how the partial ionization of elements relates to rotation and magnetism in these stars.
In this work, we propose to use the method of the acoustic potential (Brodskii & Vorontsov 1989; Vorontsov & Zharkov 1989; Baturin & Mironova 1995; Lopes et al. 1997; Lopes & Gough 2001) to analyze the ionization processes occurring in the theoretical convective envelopes of solar-type stars. We chose four benchmark stars from the Kepler Legacy sample ) that cover all the range of observed large frequency separations. This means an interval from approximately 52 µHz (a hot F-star) to 120 µHz (a cool dwarf). The stars of the Legacy sample are known to have the highest signal-to-noise ratios (S/N) among all of the Kepler stars. They have, in turn, the most precise set of oscillation mode frequencies.
Using the ionization fractions for seven chemical elements-hydrogen, helium, carbon, nitrogen, oxygen, neon, and iron-we study the variations of the mean ionic charges with depth and relate them to the acoustic potential and also to the seismic indicator β(ν), a proxy of the phase shift frequency dependence α(ν), particularly sensitive to partial ionization processes in the outer layers of solar-type stars (Brodskii & Vorontsov 1987 Vorontsov & Zharkov 1989) . Ionization is about local changes in the number of particles. Our analysis exposes two relevant, ionization related regions, in the outer layers of solar-type stars. These regions can be associated with the ionizations of the electrons of the K-shell, reflecting the atomic periodic structure of matter. The closest to the surface of these two regions, which we named region K1 because it corresponds to the complete ionization of the first "period"(first line) in the periodic table of elements, is the expected region of the second ionization of helium. The second relevant ionization region lies deeper in the convection zone and is related to the ionization of the K-shell electrons of elements in the second "period" (second line), and was naturally named region K2. The paper is organized as follows. In Section 2 we describe the theoretical models of the chosen benchmark Lund et al. (2017) b) In the modeling of the star D, we used the value for T eff from Chaplin et al. (2014) (6499 ± 46 K) stars and then we use the obtained theoretical models to characterize the different ionization patterns in the interiors of these stars in Section 3. The reflecting acoustic potentials and the corresponding theoretical seismic signatures β(ν) are discussed and related to the relevant ionization regions in Section 4. Section 5 discusses the comparison between the observational and theoretical signatures β(ν). Finally, we present our conclusions in Section 6.
THE DIVERSITY OF THE KEPLER SAMPLE

Asteroseismology of Solar-type Stars
The observed oscillations in solar-type stars, which are essentially standing acoustic waves, have frequencies that are determined by the profile of the sound speed in the stellar interior. Asteroseismology provides the possibility to study the signatures of the regions of rapid variation of the sound speed. These regions are usually known as acoustic glitches, and have been being studied for a long time (e.g. Vorontsov 1988; Gough 1990; Audard & Provost 1994; Roxburgh & Vorontsov 1999; Monteiro et al. 2000; Mazumdar & Antia 2001; Ballot et al. 2004) . The physical nature of the signatures is distinct. The signatures related to transitions between convective and radiative regions lead to discontinuities in the derivatives of the sound speed, whereas signatures of ionization zones do not usually lead to discontinuities in the sound speed derivatives, and instead produce a lowering of the first adiabatic exponent. The structural variation inside an ionization zone can be considered to be a sharp feature and produces a small shift in the eigenfrequencies, which in turn, is an oscillatory function of the frequency of the mode. Ionization zones can thus be studied using appropriate seismic methods, such as, the second differences δ 2 ν ℓ,n = ν ℓ,n−1 − 2ν ℓ,n + ν ℓ,n+1 (e.g., Houdek & Gough 2009; Mazumdar et al. 2014) or methods based on the derivative of the phase shift (e.g., Vorontsov et al. 1991) . The solar-type stars observed by Kepler with the highest S/N were recently reunited in the Kepler Legacy sample Silva Aguirre et al. 2017) . Figure  1 shows an asteroseismic diagram with 20 stars of this sample. The stars in this figure cover a particularly large range of values of the large-frequency separations and surface gravities. Among these 20 stars, we highlighted four stars, which are our target stars in this work. They are representative of the diversity in the range of the observed values of the large-frequency separations, from 51.6 to 120 µHz. Hence, we expect the four stars to be reliable representatives of the Kepler sample concern- We note that as the acoustic radius of a cool star (for instance, the left top panel) is significantly different from the acoustic radius of a hot star (for instance, the right bottom panel), the overall acoustic structure of all stars is consistent among them. ing to values of radii, effective temperatures and also luminosities.
The modeling of the benchmark stars
Stars were modeled with the stellar structure and evolution code CESAM (Morel 1997) . The theoretical models computed use the following input physics: OPAL as equation of state (Rogers & Nayfonov 2002) and the most recent OPAL opacities; nuclear reaction rates from the NACRE compilation (Angulo et al. 1999) ; convection is described by the mixing-length formalism (Böhm-Vitense 1958); diffusion was included according to Burgers theory (Burgers 1969) ; and the solar mixture of Asplund et al. (2009) . The atmosphere was characterized according to Eddington's gray law and the contact with the upper part of the envelope occurs at an optical depth of 20. For each star, we compute a broad grid of stellar models. These grids are obtained by varying three parameters: the stellar mass, M , the initial metallicity, Z, and the mixing-length parameter, α. The breadth of the grids spans values with physical significance in each case. From all of the generated stellar models, we choose those that reproduce the values of the observational constraints in Table 1 within the error bars (1σ for the non-seismic constraints and 2σ for the large separation). For all of the obtained valid models, the theoretical acoustic oscillation frequencies were computed with the ADIPLS code (Christensen-Dalsgaard 2008). Finally, the age is fine-tuned through a χ 2 minimization to reproduce all observational constraints in Table 1 as closely as possible. The method is similar to that used by Casanellas & Lopes (2013) and Brito & Lopes (2017a) .
The resulting model parameters are given in Table 2 . We found that our models for these benchmark stars are identical to the models found in the literature (e.g., Creevey et al. 2017 ).
IONIZATION IN THE DEEP CONVECTIVE ZONE OF SOLAR-TYPE STARS
3.1. The effective mean ionic charge and the corresponding gradient
As the temperature increases with depth, toward the center of the star, atoms begin gradually to lose electrons. When temperature is high enough they can reach full ionization. Light elements like hydrogen and helium are the first to lose all the electrons and to reach a state of full ionization. In solar-type stars this is well known to happen approximately around 2% under the surface of the stars. Nevertheless, partial ionization of heavier elements will occur throughout larger depths.
Considering that the collisional processes dominate in the interiors of solar-type stars, the Saha equation (Saha 1921) can describe the ratio between different ionization states for a given position inside the star. Specifically, it can be used to compute the mean ionic charges of each element at different depths inside the star. Following Brito & Lopes (2017b) we define a mean effective ionic charge
where Q i is the mean ionic charge of each chemical element considered. The idea is to describe the ionization processes occurring in the theoretical envelopes of the stellar models of the four benchmark F-stars from a viewpoint of the variation of an effective ionic charge. We intend to measure the efficacy of ionization at a certain depth inside the star by computing the variations of the mean ionic charge for a given set of chemical elements. The set of elements considered in this work, in addition to the light elements hydrogen and helium, includes five heavy elements: carbon, nitrogen, oxygen, neon and iron. The mean effective ionic charge is then defined as
The relevance of a partial ionization region can be characterized by the variation rate of the mean effective ionic charge in this region. To quantify this variation, we take the gradient of the effective mean ionic charge,
with respect to the acoustic depth,
Here, R is the radius of the star, and c is the adiabatic sound speed. Figure 2 shows the effective mean ionic charges and the respective gradients for all the theoretical models. Confining our analysis to the outer layers of the stars, we can identify two regions of abrupt variation of the ionic charge. The first region is identified as region K1 in Figure 2 and corresponds to a region of rapid rise of q. It is represented by a light-gray vertical bar and correlates to the highest values of the gradient ∇(q). The location of this region K1 coincides, in all stellar models, with the region usually known as the region of the second ionization of helium. Located deeper, but still inside the convective zones of the stellar models, we highlighted with a medium-gray vertical bar a Figure 4 . Left: reflecting acoustic potentials for the four selected stars. Horizontal dashed lines represent the squared values of angular frequencies, ω 2 = (2πν) 2 : black color represents the limits of the observational window, and blue and cyan represent two reference frequencies defined within the observational window. For these two frequencies, ν1 and ν2, we also represented the wave functions with the corresponding amplitudes scaled arbitrarily. Right: the solid line is the seismic parameter β(ν) computed from the structure of the theoretical model envelope. Gray lines and symbols: β(ν) computed from a table of theoretical frequencies for the degrees l = 0 and l = 1. Vertical dashed lines indicate the position of the frequencies represented in the acoustic potentials. Despite the different acoustic depths for the locations of the base of the convective zones, the overall theoretical acoustic structure of all stars is not strikingly different.
second region: region K2 in Figure 2 , which also corresponds to a region of rapid increase (but not so rapidly as in region K1) of q. This region correlates to a series of second-highest peaks of the gradient of the mean effective ionic charge. Because light elements, hydrogen and helium, are already completely ionized at these depths, these peaks in the gradient are originated by ionization processes related to heavy chemical elements.
Ionization Fractions: The Regions of the K-Shell Ionization
To better understand the two highlighted regions in Figure 2 , and also to describe the successive ionizations occurring from the surface toward the interior of the star, we have computed the ionization fractions for the seven chemical elements: hydrogen, helium, carbon, nitrogen, oxygen, neon, and iron. Figure 3 shows these for all of the models. The relevant ionization region closer to the surface is indeed related to the second ionization of helium in all stellar models. However, this is a broad region with contributions from another ionization processes, such as the first ionization of helium and the loss of valence electrons in heavier elements. The second identified ionization region is exclusively induced by the ionization of carbon, nitrogen, oxygen, neon, and iron. This is because at this depth, hydrogen and helium are completely ionized and cannot contribute to the variation of the ionic charges. Moreover, the distribution of the ionization fractions in Figure 3 allows us to associate this ionization region with the loss of the electrons of the K-shell for the elements of the second period of the periodic table. K-shell ionizations of heavier elements like iron occur much deeper inside the star. The other ionization region, located closer to the surface, can also be seen as a K-shell ionization region; this is the region where helium loses its only two electrons (K-shell electrons). The two locations, in the convective zones of these four models, where the variation of the ionic charge is the most abrupt, can be both related to K-shell ionizations. K1 is the closest to the surface and related to the ionization of light elements, whereas K2 is located deeper and related only with the ionization of heavy elements.
Finally, we note that in Figure 3 the ionization states C V, N VI, O VII, Ne IX, and Fe XVII prevail over a large plateau. All the five are ions with a noble gas configuration, hence with high values for the ionization potentials. Ions with such noble gas configurations are more stable in relation to the others, and stay in the same degree of ionization for a large range of temperatures. They also play an important role in the variations of the ionic charges.
THE IONIZATION PROCESSES AND THE OSCILLATION SPECTRUM
The processes associated with the microphysics in stellar interiors have specific characteristics that are interconnected with the thermodynamics of the plasma. Among all the thermodynamics variables, the first adiabatic exponent, Γ 1 , emerges as one of the most fundamental physical parameters for understanding the behavior of acoustic oscillations in solar-type stars. The structure of the lower part of the convection zone depends on Γ 1 , which follows an adiabatic stratification. Therefore, the structure of a major part of the convection zone is determined by the degree of ionization of the stellar matter. Partial ionization produces a lowering of Γ 1 values. Specifically, the depression induced in the first adiabatic exponent by the second ionization of helium has been extensively studied and discussed in the solar case (e.g., Roxburgh & Vorontsov 1994; Christensen-Dalsgaard et al. 1995; Monteiro & Thompson 2005) . Recently, it was also discussed in the case of solar-type stars (Verma et al. 2014a ). The zone of the second ionization of helium has always deserved a special attention regarding the study of the acoustic glitches (e.g., Baturin & Mironova 1990; Gough 1990; Audard & Provost 1994; Basu et al. 2004; Houdek & Gough 2007; Hekker et al. 2011 ). The main reason of the focus on the He III signature is the difficulty in isolating the hydrogen and the first ionization of helium zones, since they overlap. Using different methods, the signature of this second ionization of helium has been being used to infer about the helium abundance in the solar (Vorontsov et al. 1991; Basu & Antia 1995) and solar-type envelopes (Basu et al. 2004; Verma et al. 2014b) . Effects due to ionization of heavier elements in the frequencies were studied by e.g., Takata & Shibahashi (1998) , Antia & Basu (2006) , and Basu & Antia (2008) . These effects are found to be generally fainter than effects due to helium ionization. More recently, Brito & Lopes (2017b) unveiled a possible signature of heavy elements ionization in a solar-type star.
Exploring the phase shift of the reflected acoustic modes
In this paper, we propose to use the phase shift, α(ω);
and its well-known relation with the structure of the envelope of solar-type stars (Duvall 1982; Brodskii & Vorontsov 1989; Vorontsov & Zharkov 1989; Lopes et al. 1997 ; Perez Hernandez & Christensen-Dalsgaard 1998; Lopes & Gough Figure 5 . Left: the differences ω 2 − U 2 represented for the frequency ν1 (ν1 is represented in Figure 4 ). These distances were measured for four different locations for each star. The locations are the limiting acoustic depths of regions K1 and K2. Each star is identified by the respective color. "Quasi-horizontal" dashed lines represent a linear fit to the distances ω 2 − U 2 for each star. A large value of the slope of these lines indicates that the two regions (K1 and K2) influence the acoustic mode distinctively. The larger values of the slopes are obtained in stars A and B (cooler stars) meaning that in hotter stars, the influence of region 2 is relatively more important than in cooler stars. The solid lines are simply approximate delimiters of the two ionization regions. The acoustic relevance of both regions is larger for hotter stars, as the distances ω 2 − U 2 are decreasing with the increase of temperature. Again, the acoustic relevance of region K2 is relatively increased for hotter stars. Right: the same differences ω 2 − U 2 represented for the frequency ν2 (ν2 is represented in Figure 4 ). Here we have a similar picture to the described above for the left panel. Because the turning point of the mode with ν2 is located deeper in the convective zone of the stars, these modes are relatively more affected by region K2 as we can see from the slopes of the "quasi-horizontal" fits. Finally, gray squares represent the differences ω 2 − U 2 evaluated for the models of stars B and C evolved without microscopic diffusion and gray dashed lines the corresponding linear fits.
2001
) to infer about the ionization processes in the outer layers of these stars. Equation 5 is obtained when the internal asymptotic solutions that describe the oscillations are matched with the exact solutions on the surface of the star, where it is not possible to use asymptotic methods. Here, F (ω/L) is determined by the profile of the sound speed over the stellar interior and it represents the time the acoustic wave takes to travel from the surface of the star to the turning point. L = ℓ + 1/2, with n and ℓ as, respectively, the radial order and the degree of the mode. ω = 2πν stands for the angular frequency of the mode, and ν is the cyclic frequency. From Equation 5, it is possible to obtain for the derivative of the phase shift an expression, usually referred to as the seismic parameter β,
This seismic parameter is known to be particularly sensitive to ionization regions and it can be written as (e.g.
Brodskii & Vorontsov 1987)
where is made explicit use of the oscillation mode frequencies. Therefore, using Equation 7 it is possible to compute β(ν) from a table of frequencies by choosing an appropriate evaluation of the derivatives. The effects of partial ionization on the oscillation spectrum, in the outer layers, can also be studied with the method of the acoustic potential. The complete set of differential equations describing the asymptotic theory of adiabatic stellar oscillations, in the context of the Cowling approximation, can be reduced to a Schrödinger-type, time-independent equation (e.g., Vorontsov & Zharkov 1989; Lopes & Gough 2001) 
where τ is the acoustic depth (Equation 4) and U 2 is a function of the equilibrium model, usually known as the acoustic potential (e.g., Baturin et al. 1995; Lopes et al. 1997; Brito & Lopes 2014) . By solving Equation 7, we obtain a rigorous and robust representation of the reflection of acoustic waves in the upper layers of a solar-type star. This is similar to the well-known 1D standard potential barrier problem in quantum mechanics. The derivative of the phase shift, the variable β(ν) (Equation 6), is tightly connected with the acoustic potential and thus can be related to the structure of the envelopes in solar-type stars. Therefore, it is a valuable tool for identifying the regions of partial ionization (e.g., Brodskii & Vorontsov 1987 Lopes & Turck-Chieze 1994) . Our aim is to use the acoustic potential and its relation with the function β(ν) to study the effects of ionization on the oscillation spectrum when considering different theoretical structures of the outer convective zone. Figure 4 shows the acoustic potential and the corresponding seismic parameters β(ν) computed for all the four benchmark theoretical models. In this figure, β(ν) was computed with two different methods: (1) from the structural variables of the envelopes of the theoretical models and (2) from a table of theoretical frequencies calculated with the ADIPLS code (Christensen-Dalsgaard 2008) . The structural parameters of the stellar models are obtained in the Cowling approximation, i.e., without taking into account the effects of the gravitational potential. A consequence of the Cowling approximation is that the two theoretical seismic indicators, β(ν), exhibit a discrepancy which is well known also in the solar case (e.g. Lopes & Gough 2001 ). However, from Figure 4 , it is seen that this gravitational potential effect influences the stars distinctively. The horizontal dashed lines in Figure 4 represent squared angular frequencies ω 2 = (2πν) 2 . Regions where U 2 > (2πν) 2 are propagation regions, whereas the values where U 2 = (2πν) 2 represent the locations of the upper turning points of the acoustic modes. The vertical distance between the reflecting acoustic potential and the horizontal line defined by ω 2 = (2πν) 2 can be understood as a measure of the impact a given region inside the star has on the acoustic mode of oscillation with angular frequency ω. The smaller this distance is, the larger the impact on the sound wave. The oscillatory feature in the seismic parameter β(ν) reflects in a nonlinear way the effects of the physical changes on the structure of the envelope produced on the oscillation spectrum. This quasi-periodic oscillatory feature is known to be tightly related to the characteristics of the ionization zones. As we can clearly see from Figure  4 , its period and amplitudes change with the changes associated to the ionization regions K1 and K2.
The Influence of the Ionization Regions in the
Adiabatic Acoustic Oscillations Figure 5 shows, for all the benchmark stars, a schematic representation of the distances ω 2 − U 2 for four different locations in the envelopes. These distances are indicated with dotted lines in Figure 4 . The two panels of Figure 5 refer to calculations made for two indicative values of the angular frequency: ω 1 = 2πν 1 , with ν 1 > ν max and ω 2 = 2πν 2 , with ν 2 < ν max , with ν 1 and ν 2 being the references frequencies represented in Figure 4 . Consequently, the acoustic mode characterized by the angular frequency ω 1 has an upper turning point located in a more superficial part of the star than the acoustic mode with angular frequency ω 2 . A careful inspection of Figure 5 allows us two infer two important results from the theoretical data. The first result is expected and it supports the evidence that for all the studied stars, the partial ionization processes occurring in the region K1 will impact more the acoustic modes than partial ionization processes occurring in the region K2. This is because the distance ω 2 − U 2 is smaller in the K1 region than in the K2 region. The second result is that with the increase of the effective temperature of the star, all ionization processes, affect more the acoustic modes (by an order of magnitude and within the T eff range of the benchmark stars). Furthermore, unlike what happens in cool stars, in hotter stars the influence of both K-shell related ionization regions turns out to have an impact of the same order on the acoustic oscillation modes. As all the four stars have different values for the metallicity, we tested a potential effect of the metallicity on the acoustic properties of the theoretical models. Specifically, we computed the differences ω 2 − U 2 obtained from theoretical models without microscopic diffusion, thus keeping the metallicity (and helium) constant in the envelopes of the stars. The results of these tests without microscopic diffusion show that the increase of the impact of the K2 regions for hot stars cannot be attributed to a metallicity effect. To illustrate this statement, the distances ω 2 − U 2 were also represented without diffusion, in Figure 5 , for the models of stars B and C, which are, respectively, the most and the less metallic stars.
THE OBSERVABLE β(ν)
The derivative of the phase shift represented by Equation 7 leads to an interesting way of relating theory and observational data. In other words, this means that the function, β(ν), is also an observable (e.g. Vorontsov & Zharkov 1989; Lopes & Turck-Chieze 1994; Lopes et al. 1997) . Figure 6 shows the observational seismic parameter β(ν) for the 20 Kepler stars of Figure 1 . The sinusoidal component of the observed β(ν), known to be tightly connected with the partial ionization processes in the Sun and solar-type stars, reflects the increase of the magnitude of the ionization with the mass and radius of the star, given that these are main-sequence stars (see Figure 2 ). This trend manifests itself in an exacerbation of the prominent quasi-periodic variation of β(ν) with the increase of the star's effective temperature. For a set of 12 stars, we compared the theoretical seismic signature β(ν) with the observational β(ν), computed directly from tables of frequencies taken from Appourchaux et al. (2012) . The results of this comparison are shown in Figure 7 . Naturally, some stars exhibit a better agreement between the theoretical models and the observations. Stars with masses closer to values of the Sun tend to show better agreements between theory and observations. Because the derivative of the phase shift is particularly sensitive to ionization processes in the outer layers of these stars, this could mean that the accuracy of the equation of state is not enough to describe solar-type stars with masses slightly different from the Sun. In particular, the effects of heavy elements ionization may be underestimated in the current equations of state. In a recent result from Baturin et al. (2017) , a new equation of state, the SAHA-S equation of state (Gryaznov et al. 2013) , has been tested in the case of a solar model. The differences in the profile of the first adiabatic exponent Γ 1 for the ionization region K2 (i.e., in the temperature range from logT ∼ 5.6 to logT ∼ 6.1) are of the order of 10 −3 . It is expected that for hotter stars, a similar comparison will achieve even larger differences.
Other potential sources of disagreement between the theoretical and the observational β(ν) may be related to radiative effects. Heavy elements abundances are important to determine the opacities of stars. Opacities, in turn, also impact the oscillation spectrum of solar-type stars as it is well known, for instance, from the solar abundance problem (Basu & Antia 2008; Serenelli et al. 2009 ) where the neon abundance seems to play an important role (Drake & Testa 2005) . Selective atomic diffusion processes, such as gravitational settling of chemical elements, also have impact in the pulsation spectrum of stars (Turcotte et al. 2000; Pamyatnykh et al. 2004; Alecian et al. 2009) . Table 3 shows a comparison of the initial metallicities with the surface metallicities of the models. Also shown in Table 3 is the initial helium abundance and the final helium abundances of the models at the surface. Results from helioseismology (e.g. Turcotte et al. 1998 ) allow us to assume that in cool solar-type stars the effects of gravitational settling of chemical elements can be considered generally small. However, with the increase of the mass of the star, i.e., for hotter stars, selective diffusion effects such as radiative accelerations of heavy elements may become important.
The results of Section 4, specifically the fact that in hotter stars the influence of both K-shell related ionization regions could be comparable, might imply some important consequences in the study of the seismically acoustic sharp features in hot F-type stars. A variation of the sound speed can be considered seismically sharp if its radial extension is less or approximately equal to the wavelength of the acoustic mode. It is known that rapid variations of the sound speed lead to an oscillatory signature in the frequencies. These oscillatory features also manifest themselves in different seismic parameters such as, for example, the second differences δ 2 ν n,ℓ = ν n+1,ℓ − 2ν n,ℓ + ν n−1,ℓ (e.g., Gough 1990) or in the seismic parameter β(ν) (e.g., Roxburgh & Vorontsov 1994; Lopes et al. 1997) . From the periodicity analysis of the quasi-periodic oscillation in the seismic parameter β(ν) it is possible to relate its period with the corresponding scattering region (Brito & Lopes 2014 , 2017b . The adequacy of such method rely, among other factors, on the ability to decontaminate the quasi-periodic signal from contributions or interferences of other relevant physical processes occurring in the same region. Table 4 shows the results of the sinusoidal fits to the oscillatory feature of the observational seismic parameter β(ν) for modes with degree ℓ = 1. The choice of ℓ = 1 modes is justified by the fact that these are the modes with the highest S/N. The sinusoidal fits were obtained with the same technique used by Brito & Lopes (2017b) . When com- Verma et al. (2017) paring the locations obtained for the acoustic depths in Table 4 with the corresponding locations in the acoustic potentials of each star, we verify that for cooler stars the fitted quasi-periodic oscillation of β(ν) relates to a location that clearly coincides with the ionization region K1 (usually known as the region of the second ionization of helium). This is expected because as we described above, in cooler stars, the impact of region K1 dominates over the impact of region K2. As the effective temperature of the star increases, the quasi-periodic oscillation in β(ν) undergoes changes and these changes seem to be related to the growing influence of the region K2. The locations obtained with the sinusoidal fits in the hottest stars are moving toward the interior of the star, because possibly they are influenced by the two partial ionization regions, K1 and K2 (see Figure 4) .
A theoretical analysis based on the acoustic potentials of the stars is a powerful and robust complementary method to investigate the so called acoustic glitches in solar-type stars. Particularly, it can help us with the interpretation of acoustic glitches in hot stars. In these hot stars, the oscillatory signal usually attributed to the helium ionization (e.g., Verma et al. 2017 ) can be contaminated with effects of the partial ionization of heavy elements.
Finally, it is well known that the theoretical adiabatic oscillation mode frequencies are usually overestimated for high values of the radial order (e.g. Grigahcène et al. 2012) . It is possible to introduce descriptive corrections to the frequencies (e.g. Kjeldsen et al. 2008) ; however, as these corrections may somehow mask or disguise the phenomena addressed in this study, we opted by not including them.
CONCLUSIONS
In this work, we perform a study of the partial ionization processes occurring in the convective envelopes of four stars. These four stars were chosen among the Ke- pler targets with the highest quality asteroseismic data. They are benchmark stars in the sense that they cover all the observed range of the average large-frequency separation for the Kepler dwarfs. Our study is based on a combination of different theoretical methods and simultaneously makes use of an observable seismic parameter to scrutinize the theoretical results. We analyze the reflecting acoustic potentials together with the seismic parameter β(ν) because it is well known that physical changes in the structure of the envelope are reflected in the characteristics of the seismic parameter β(ν), which, in turn, is a proxy of the phase shift of the reflected acoustic waves. In addition, we provide a detailed analysis of the partial ionization profiles for seven chemical elements (hydrogen, helium, carbon, nitrogen, oxygen, neon, and iron). To derive the relevant ionization regions, we use the gradient of the mean effective ionic charge and we found two relevant ionization regions, both linked to the ionization of the electrons of the atomic K-shell. One of these regions, the closest to the surface of the star is related to the K-shell ionization of helium. The second relevant region, located deeper in the convective zone, seems to be related to K-shell ionizations of period 2 elements which in this specific study, are carbon, nitrogen, oxygen, and neon. Moreover, we found that in cooler stars the impact of the ionization region related to the heavy elements on the frequencies is small, but in hotter stars the impact of this region on the mode frequencies can be comparable to the impact of the region related to the second ionization of helium. F-stars are known to display different patterns of magnetic activity (e.g., Mathur et al. 2014) . Magnetic activity and rotation are apparently deeply linked to the physics of the convective zones. Detailed studies about the microphysics of stellar interiors can help us to understand and describe the ever-improving observational data sets.
Finally, we want to highlight the interest of a combined study like ours, if a few more observed mode frequencies in the low-frequency part of the spectrum become available. It is precisely these low frequencies that are needed to probe this interesting zone related to the K-shell ionizations of heavy elements in the convective envelopes of solar-type stars.
